• Non-destructive XPS method provides depth and width of implanted atom profiles 
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A C C E P T E D M
A N U S C R I P T 4 intensities in angle resolved XPS measurements, however additional stoichiometric constraints are critical for successful recovery of relative concentration profiles [27, 28] . On the other hand, the intensity of the surface and bulk plasmon excitations has been used as a signature of microstructure and material growth mechanisms [29] . In the case of dilute emitter atoms embedded in a solid matrix, besides angular dependence of the host / matrix relative core level peak intensities, used previously [22] , in this work complementary information is gained from energy losses experienced by photoelectrons emitted from NG atom core levels along their path through the metal matrix to the sample surface (Figure 1 ). The excitation of bulk and surface plasmons within the host Al metal has been observed previously for Ar emitters located in subsurface nanobubbles and the bulk plasmon intensity was correlated to E ION through the average depth distribution of Ar emitters [30] . In this work, extrinsic plasmon excitation during the photoelectron path to the solid surface is assumed to be the dominant loss mechanism, as compared to intrinsic plasmon excitation due to the sudden appearance of the core hole. This result has been established for photoemission from NG nanobubbles in Al [30] . For the ideal case of a single plane of emitters embedded at depth d in a semiinfinite matrix, simple relations hold for
This Photoelectron Energy Loss Spectroscopy (XPS-
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For real depth profiles, more complex relations are expected between relative intensities of first-order and second-order plasmon excitation peaks and the distribution characteristics, i.e. the normalized depth 
Experimental
Surface preparation
A crystalline Al(001) disk (2 cm diameter) has been used after extensive sequences of Ar ion bombardment, resulting in a rough topography. Three successive stages of surface preparation have been characterized by XPS-PEELS: a) oxide-free surface after Ar ion etching (stage #1), b) slightly contaminated surface after UHV annealing at 500°C (2 hours) (stage #2), c) oxide-free surface after 3 ML Ar ion implantation (E ION = 2.0 keV) near room temperature (stage #3). The surface topography has been imaged after stage #3 by Scanning Electron Microscopy (JEOL JSM-6610LV) and by Atomic
Force Microscopy (SPM 9700, Shimadzu) in the phase mode with a silicon nitride tip.
The argon ion gun (SPECS, IQE 11/35) was operated at 2.0 keV energy with 35° off-normal incidence; this implantation angle away from channelling directions is expected to enhance the Al sputtering yield per incident argon ion (see section 2.3) [20] . The argon pressure measured in the preparation chamber was adjusted at 7.5×10 -4 Pa to obtain full coverage of the substrate holder (3 cm
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A C C E P T E D M A N U S C R I P T Lorentzian with half width L  = 1.6-1.7 eV on the low-energy loss side and half width R  = 1.8-2.1 eV on the high-energy loss side. Surface plasmon excitations were described by a symmetric Lorentzian with half width 1 S  = 2.1-3.5 eV (first order SP) and 2 S  = 4.6-4.8 eV (second order, due to photoelectrons which have excited one bulk plasmon and one surface excitation). Photoelectrons which have excited two surface plasmons are neglected in the decomposition.
SRIM code simulations
The depth distribution of Ar ions implanted in the Al(001) target has been obtained using the SRIM- 
Results
Surface topography
A rough topography of the Al(001) disk is observed after extensive sequences of Ar ion bombardment, for a cumulated time of several tens of hours. After exposure to the ambient, SEM images ( Figure 2 ) reveal some cone-shaped craters with an average top diameter of about 2 microns, and a roughened surface with an "orange skin" aspect. In AFM images taken over 2 m x 2 m area (Figure 3) , this surface shows some broad undulations or ripples ; in other regions, sharp circular features with micron size diameter were also observed (not shown).
At low fluences used in this work, the Al surface is believed to remain essentially crystalline because Al 2p intensity in angular XPS measurements shows strong photoelectron diffraction effects after all three stages analysed in this work (not shown). For all three stages, the matrix core level peaks (Al 2p and Al 2s) do not show significant differences in shape and intensity (less than 1%); however, a detailed analysis of their loss spectra shows that surface plasmon losses are attenuated at stage #2 while a slight increase can be detected in the first and second order bulk plasmon peak intensities (Figure 4.c) . The zero-loss Al 2p peak ( Figure 5) 
PEELS data analysis
XPS-PEELS data obtained for the Ar 2p core level being quite similar at stages #1 and #3 ( evidence of different components, hence a single dominant environment is considered, i.e. aggregates or bubbles rather than isolated Ar atoms sitting at different matrix defects. The latter would be expected to appear on the negative energy loss side of the ZLP and contribute to make the line shape more
Energy loss spectra of Ar 2p photoelectrons are stable at room temperature in UHV between 1 hour and 15 hours after NG implantation. Decomposition of loss spectra is illustrated in Figure 6 for some intermediate emission angle (52°). Since the symmetric line shape of surface plasmon peaks is a rough approximation, the main goal of this decomposition is not a perfect adjustment of experimental data but rather to extract reliable intensity values for n-th order (n = 0-2) bulk plasmon losses.
At the larger emission angles, some significant increase in the width of first order bulk and surface plasmon ELF is observed, respectively from 3.4 to 3.8 eV and from 4.20 to 6.0 eV. The slight increase in BP1 width may arise from the strong approximation of a symmetrical SP1 peak. The significant increase in SP1 width could be related to the large density of internal interfaces (Al / Ar bubble).
Although peak adjustment is less reliable for second order losses, a similar increase is also observed, from 3.7 to 4.6 eV in the width of second order bulk plasmon distribution.
As emission angle  increases towards near grazing photoemission, a systematic increase in the relative intensities of bulk plasmon peaks is observed for both first (BP1) and second (BP2) order losses, by a factor of 1.8 and 2.2 respectively, as reported in Table 1 
Energy loss modeling with Gaussian distribution of embedded emitters
In order to rationalize the angular dependence of first-order and second-order plasmon loss peak intensities, Appendix A reports calculation results for several depth distributions. The method proposed in this work is illustrated here with a Gaussian depth profile,
, the total flux of photoelectrons at kinetic energies 0 E ,
emitted at polar angle  along a rectilinear trajectory is given by  ACCEPTED MANUSCRIPT
For narrow Gaussian distributions, using Eqn A12-A14, a small straggling parameter (W << d ) yields the approximations:
and slope
represented by red dashed lines in Figure 7 .
Otherwise, the full equations (Eqn A12-A14) must be used for parameter adjustment to 
From the experimental data for Ar↓Al (Figure 7) , we obtain the Gaussian distribution parameters 
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T nm, d = 1.9 nm).
Discussion
This new analytical method based on photoelectron energy loss spectroscopy is expected to be more robust than the usual angular dependence of core level peak intensity to address the depth distribution of implanted atoms; in particular, analysis of bulk plasmon loss intensities gives both the distribution depth and width of implanted atoms in a straightforward way. In this work, the shallow implantation depth of 2 keV Ar ions in Al corresponds nearly to the inelastic mean free path,  
Ar 2p photoelectrons in Al using soft (Mg K) X-rays. Deeper implantation depth may be better characterized using Hard X-ray Photoelectron Spectroscopy (HAXPES) [44, 45] .
In the following, the robustness of the XPS-PEELS method is evaluated (section 4.1) along with implanted argon bubbles characteristics (section 4.2). Energy loss peak intensity is discussed in relation with the physics of plasmon excitation (section 4.3). Possible limitations of the SRIM code and molecular dynamics insigths in Ar atom and vacancy diffusion will be considered to tentatively rationalize the observed discrepancy between PEELS analysis and SRIM simulations (section 4.4).
Robustness of the XPS-PEELS method
It is well known that the probability for higher order plasmon excitation increases with depth of emitter atom and off-normal emission angle  , as observed in this study ( Table 1) . In contrast, the intensity of the zero-loss peak is strongly attenuated due to plasmon excitation during photoelectron transport towards the surface. The angular dependence of the ZLP intensity is not sufficient to characterize the implanted atom distribution since, for any distribution, the slope of to be determined simultaneously in order to interpret properly core level peak intensity ) ,
In this work, a graphical analysis is proposed to estimate the deviation from the narrow distribution limit, represented by red dashed lines in Figure 7 ; in our model Ar↓Al system with shallow and broad implanted Ar distribution, this approximation does not hold for most emission angles and the full equations must be used. The distribution width is derived with high precision from the slope value. Different distribution shapes cannot be discriminated unless photoemission is measured at grazing angle with very good signal to noise ratio (Figure 7) .
The main difficulty of the method resides in an accurate decomposition of PEELS spectra, since some approximations must be made on bulk and surface plasmon peak shapes to make the problem tractable. For Ar-implanted Al, asymmetric Lorentzian distributions give reasonable description of the ELF shape [37] . At larger emission angle, some significant increase in the width of first order surface plasmon ELF is observed; this could be attributed to the statistical distribution of bubble radii around their mean value, R, along with some increased interaction of the photoelectron with several bubbles along its outgoing path.
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In a crystalline solid, the photoelectron flux may be increased along dense atomic rows (focusing) due to many-body coherent elastic scattering; however this forward focusing effect is lost beyond a few atomic distances (defocusing) [47, 48] . In the Al(001) matrix, this photoelectron diffraction mechanism modulates the relative intensity of plasmon excitation peak relative to the no-loss Al 2p peak, on the order of 10-20 % (e.g. for 0° and 45° directions). Since some epitaxial alignment between solid Ar precipitates and Al matrix has been reported above a threshold implantation dose, [13, 17-19] some focusing might occur at short distances for Ar 2p photoelectrons but it can be reasonably neglected here because defocusing effects likely dominate for argon bubbles buried at about 2 nm depth.
Argon concentration and bubble size
In this section, density of implanted argon ions, bubble size and bubble density are estimated in order to check for the validity of this XPS-PEELS analysis. In particular, since formation of very large bubbles of noble gas atoms would change the effective IMFP, this situation would not be consistent with the hypothesis of the XPS-PEELS models developed in Appendix A. It is thus quite important to obtain some calibration of average bubble size and to check that a distribution of few-atom complexes, rather than a few large bubbles, is obtained in our implantation conditions.
In our experiment, a typical value of the apparent Ar content, corrected for photoemission cross Ar concentration and aggregate size, over some depth of 4 nm, giving a typical inter-bubble distance of 1.7 nm. Similar results were reported previously for low energy Ar ion implantation in Al matrix [30] .
In conclusion of this section, the model developed in Appendix A for small subsurface Ar aggregates can be safely used in this XPS-PEELS analysis. Furthermore, since Ar 2p core level reveals
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15 a single dominant environment with symmetrical line shape, the contribution of isolated Ar atoms in the depth distribution can be neglected.
Physics of plasmon excitation
This XPS-PEELS model assumes that plasmon excitation by photoelectrons in the host material is essentially extrinsic in nature and its intensity is directly related to the geometrical path of the photoelectron towards the surface. This hypothesis is reasonable for the rather large bubble radius obtained at E ION = 2.0 keV, as shown by the bubble radius dependence of extrinsic and intrinsic plasmon intensities derived by Dhaka et al. [30] but it might not be justified for isolated noble gas atoms embedded in a metal host (as obtained from low fluence and low ion energy implantation), where the intrinsic losses becomes more significant.
A major difference between XPS-PEELS data analysis by different groups lies in the treatment of the spectral background. In line with previous work, [49] we consider that all energy losses above the flat background on the low binding energy side of the ZLP should be assigned to bulk and surface plasmon excitations. In contrast, a broad background subtraction has been imposed [30] , as compared with 0.45 in reference [30] .
Interestingly, if we would assume that some inelastic background, distinct from surface or bulk plasmon excitation, must be subtracted from the raw data, giving in first approximation some angle independent scaling factor SF < 1 for the relative loss intensities, then the graphical representation of angle-dependent relative plasmon intensity (Fig. 7) would provide reduced values of the intercept surface plasmons (BSP) excited at the noble gas bubble / Al matrix interface [30] . The large bubble density and small inter-bubble separation distance found in this work also support this interpretation and may contribute to the large width of surface plasmon excitation peaks.
Discrepancy between XPS-PEELS and SRIM implanted depths
The average depth of argon atoms implanted into Al (001) The first explanation for the observed discrepancy is due to the large sputtering yield (Y = 2.8) for
35° off-normal implantation of argon ions; about 1.7 nm of the Al surface atoms are removed during the overall irradiation process, meaning that the surface is dynamically receding as ion implantation proceeds. Hence, Ar ions implanted at the beginning of the process end up at near-surface locations.
Some modification of the Gaussian depth distribution towards a more square-shaped distribution is expected from this dynamical effect, which would account for about 50% of the discrepancy.
In addition, SRIM is limited to as-implanted damage and neglects any long term and temperature dependent effects such as vacancy and atom diffusion which might affect both distributions. Detailed Molecular Dynamics (MD) studies were recently performed to understand the dynamics of implanted argon atoms and vacancies in Aluminum [52] . In Al, noble gas atoms are unstable at interstitial exodiffusion of argon atoms nearest to the surface and release from the surface to the vacuum is also expected from this scenario.
Conclusion
A robust analytical method based on photoelectron energy loss spectroscopy (XPS-PEELS) has been developed to obtain both depth and width of implanted atom profiles. This model assumes that plasmon excitation by photoelectrons in the host material is essentially extrinsic (rather than intrinsic)
and that the inelastic mean free path is not modified by ion implantation. Simple distribution shapes,  in Figure 7 in order to estimate the departure from the narrow distribution limit which allows graphical determination of relative depth (d /) and relative width (W /) parameters.
In this calculation, we assume that plasmon excitation by photoelectrons moving along rectilinear trajectories in the host material is purely extrinsic and that the inelastic mean free path is not modified by the presence of argon bubbles after ion implantation. If the IMFP is the same at kinetic energies 0 , 0 − ℏ , 0 − 2ℏ , variation of the outgoing photoelectron fluxes 0 ( , 0 ), 1 ( , 0 − ℏ ), 2 ( , 0 − 2ℏ ) in off-normal direction  through a thin slab of thickness dz at depth z, writes:
The outgoing fluxes depend on the depth distribution of emitter atoms ) (z D through:
is the attenuation function related to the inelastic mean free path   and unit integrated density: 
and an integration by parts procedure: 
For small Gaussian width ( d W  ), and  not too large, the last exponential term in Eqns. 12, 13, 14 is negligible, hence:
Inserting Eqn A15 into Eqn A16, exact analytic formulae are obtained:
Eqn A9 is recovered in the narrow distribution approximation ( 
This plot using the relative intensity of second order bulk plasmon allows to compare the measured y- (height 1/V ), integration by parts gives exact analytic formula:
with power law expressions in the narrow distribution approximation ) and width U 2 , integration by parts gives exact analytic formula: 
